Background: Correlating postcardiotomy extracorporeal membrane oxygenation (ECMO) troponin I (TnI) levels and outcomes. Methods: Between January 2006 and August 2010, 34 patients needed postcardiotomy ECMO for low cardiac output. Bailout ECMO was required either after unsuccessful weaning from bypass (n ¼ 17, 50%), postoperatively from prolonged hemodynamic failure (n ¼ 8, 23.5%), or following resuscitation (n ¼ 9, 26.5%). The TnI levels were measured following surgery or resuscitation during 10 days and compared between survivors (group I) and non-survivors (group II). Results: Median support duration was seven days (range: 0-31). Surgery involving hypoplastic aortic arch repair (Norwood palliation; n ¼ 7, 20.6%, or biventricular repair; n ¼ 11, 32.4%) led to most ECMO runs. Successful weaning from ECMO and hospital survival were 76.5% and 50%, respectively. In group I, peak TnI levels were reached by 24 hours postoperatively, comparable to levels in group II (36 + 34 vs 49 + 38 ng/mL; P ¼ .98). However, in group II, TnI levels formed a plateau by the second postoperative day, whereas group I showed a steep decline in TnI levels, suggesting myocardial recovery (P ¼ .028). All patients (n ¼ 4) who reached or maintained peak TnI levels at 48 hours died. On days 8, 9 and 10, TnI levels were significantly higher in group II (P ¼ .024, .019, and .013, respectively). Conclusions: Postcardiotomy ECMO was most commonly required after aortic arch repair. In the absence of ongoing myocardial insult due to ECMO hardware issues, coronary insufficiency or residual lesions, plateau TnI levels at 48 hours may seem to indicate an unfavorable outcome due to irreversible myocardial damage.
Introduction
Extracorporeal membrane oxygenation (ECMO) has been widely used for resuscitation after repair of congenital heart defects. 1 Despite huge advances in ECMO hardware technology, intensive care unit (ICU) management, and more judicious indications to deploy ECMO, weaning from cardiac ECMO after congenital heart surgery or after rapid resuscitation for acute cardiac failure of any origin still ranges only between 56% and 79%. [2] [3] [4] [5] [6] Survival to hospital discharge is unfortunately even lower, ranging between 38% and 59%. [2] [3] [4] [5] [6] [7] While increasingly precise protocols are being developed to guide ECMO management, it is still difficult to predict, in the first days after ECMO implantation, whether cardiac recovery is likely or not. Reliable predictors for successful weaning from extracorporeal life support are rare and need to be defined.
Troponin I (TnI) is a specific marker of cardiac myocyte damage and has no detectable cross-reactivity with the skeletal Acronyms and Abbreviations ASD atrial septal defect ECMO extracorporeal membrane oxygenation ELSO Extracorporeal Life Support Organization ICU intensive care unit TnI troponin I muscle isoforms. 8, 9 Elevated blood levels are associated with adverse outcome in patients with heart failure and cardiogenic shock complicating myocardial infarction, 10 and predict mortality in coronary artery bypass surgery. 8, 11, 12 Particularly in children, absolute values of TnI correlate very well with the extent of perioperative myocardial damage. 13, 14 This study was performed to determine whether the postoperative course of TnI in children on postcardiotomy ECMO therapy could serve as a biochemical marker to reflect reversibility of perioperative myocardial damage and thus provide a prognostic indicator for cardiac recovery and successful weaning from ECMO.
Materials and Methods Patients
The institutional review board of our hospital approved retrospective anonymous chart analysis for this study, and parental consent was waived. Accordingly, the records of 34 pediatric patients who required postcardiotomy ECMO therapy due to low cardiac output between January 2006 and August 2010 at the University Hospital Erlangen, Germany, were retrospectively reviewed. Median age and weight were 25.5 days (range 4-921 days) and 3.7 kg (range 2.1-12.0 kg), respectively. The majority of patients were neonates (n ¼ 18, 52.9%) or infants (n ¼ 13, 38.2%), and only three children (8.8%) were older than one year (1.7, 1.9, and 2.5 years old). Bailout ECMO implantation occurred either intraoperatively after unsuccessful weaning from bypass (n ¼ 17, 50%) or postoperatively as a result of prolonged low cardiac output (n ¼ 8, 23.5%) or following rapid resuscitation (n ¼ 9, 26.5%).
Extracorporeal Membrane Oxygenation
Mechanical cardiopulmonary support was established by venoarterial ECMO, which was deployed via median sternotomy and direct aortic and right atrial cannulation. The ECMO flow was adjusted to patient's body surface area (L/m 2 /min) multiplied by factor 3.0 (L/m 2 /min) for patients <4 kg, factor 2.8 (L/m 2 /min) for patients between 4 and 10 kg, and factor 2.6 (L/m 2 /min) for patients >10 kg. Full-flow ECMO was maintained until cardiac recovery was suggested. Indicators to predict successful weaning from extracorporeal hemodynamic support included daily transthoracic or transesophageal echocardiography for assessment of global and regional cardiac function, an increasing area under the curve using invasive measurement of the arterial blood pressure as a marker of systemic ventricular recovery, increasing end-expiratory CO 2 marking improvement in right heart function with improved pulmonary blood flow. Contrarily, elevated or increasing lactate levels or decreasing mixed venous saturations during weaning pointed to inadequate systemic perfusion resulting from insufficient cardiac function. Additionally, the course of TnI was followed, and elevated levels were considered as surrogates of persisting cardiac ischemia, suggesting failure to recover. Progressive weaning from ECMO was attempted during a three-day interval. Minimal flow was maintained for 24 hours depending on the body surface area and calculated oxygenator sizes, at 200, 300, or 1,000 mL/min, accordingly.
Troponin I
The TnI was measured in all children undergoing surgery for congenital heart defects when ECMO therapy was necessary for intra-or postoperative hemodynamic support. The course of TnI levels was observed immediately after ECMO implantation and daily until ICU discharge and was compared between hospital survivors (group I) and nonsurvivors (group II). Additionally, in order to represent the perioperative course of TnI levels after routine successful pediatric cardiac surgery, a control group of all hospital survivors operated in 2010 at an age younger than one year without the need of ECMO and in whom TnI levels were available was added (group III).
Laboratory values were measured by the clinical laboratory of the University of Erlangen-Nuremberg, Germany.
Statistics
Patients who were alive within 24 hours beyond ECMO decannulation were counted as successfully weaned patients. Early or hospital mortality reflect all deaths within 30 days after ECMO implantation or during hospital stay, respectively. Descriptive data for continuous variables are presented as the mean (+standard deviation) or median (range), and categorical variables are presented as numbers or proportion (%) of cases. Looking at TnI levels, the ''last observation carried forward'' method was applied to complete missing levels of TnI. These variables were compared daily between groups I and II. Additionally, in order to compare the individual behavior of TnI levels between groups, the difference in daily decline in levels was calculated. Statistical significance was analyzed using Fisher exact test or chi-square (w 2 ) test for categorical variables and T test or Wilcoxon rank-sum test for continuous variables. Survival analysis was calculated according to the Kaplan-Meier method. All statistical analyses were conducted using the software R version 2.12.2 (R Foundation for Statistical Computing, Vienna, Austria). Statistical significance was defined at a P value of <.05.
Results

Patient Characteristics
The majority of patients had biventricular morphology (n ¼ 22, 64.7%). The most common cardiac procedure associated with ECMO was biventricular correction of a hypoplastic aortic arch in association with other congenital anomalies (n ¼ 11, 32.4%) followed by the Norwood procedure (n ¼ 7, 20.6%). Therefore, 52.9% of palliated or repaired congenital malformations requiring postcardiotomy ECMO support were related to surgery for congenital aortic arch hypoplasia.
Outcomes
Weaning from ECMO was successful in 26 (76.5%) patients. In general, patients who could not be weaned from ECMO had persisting global low cardiac function on echocardiography, whereas those who were weaned showed improving contractility. No regional wall motion abnormalities indicating selective coronary injury were diagnosed. Therefore, cardiac catheterization for coronary artery imaging was not performed. In the survival group, low cardiac output seemed to be a sign of myocardial stunning with generalized wall motion abnormalities, which mostly improved during ECMO support as diagnosed by echocardiography.
The 30-day survival was 68.6% (n ¼ 23), and hospital survival 50% (n ¼ 17; group I). There were no significant differences regarding patient characteristics and procedures performed between groups ( Figure 1 ; Table 1 ), except more aortic arch surgery in the nonsurvivor group (group I: n ¼ 6, 35.3% vs group II: n ¼ 12, 70.6%; P ¼ .034).
In all patients, including those in group II, all technical and mechanical issues potentially pointing to inadequate ECMO performance and myocardial unloading were checked and excluded according to our knowledge.
Further Procedures
Five patients underwent additional surgery on ECMO, and two had diagnostic cardiac catheterization-none of them survived: two patients had unbalanced atrioventricular canal, one with primary aortopulmonary shunt who received secondary atrioventricular valve reconstruction after four days, and one after failed corrective surgery and secondary right atrioventricular valve reconstruction who was palliated with a takedown and pulmonary artery banding after six days; one patient with aortic arch hypoplasia and ventricular septal defect, who underwent aortic arch patch augmentation and pulmonary artery banding, needed primary ECMO after failed weaning from bypass and was switched to a secondary Norwood procedure due to persisting left heart insufficiency after seven days of support; one patient with transposition of great arteries, ventricular septal defect, and aortic arch hypoplasia, who underwent corrective surgery with an intentional pop-off atrial septal defect (ASD) for left ventricular decompression, required ECMO for persisting low cardiac output on the second postoperative day and underwent secondary ASD closure after two days of support due to increased left-to-right shunting and inadequate left ventricular filling. These four patients had echocardiography while on ECMO as the only diagnostic tool prior to secondary surgical intervention. The last patient with pulmonary atresia and intact ventricular septum was palliated with an aortopulmonary shunt and resuscitated postoperatively on the ICU. During ECMO implantation, acute shunt thrombosis was suspected and verified by subsequent cardiac catheterization; and therefore, shunt revision was performed. Additionally, one patient on ECMO after an arterial switch operation with aortic arch repair underwent diagnostic cardiac catheterization due to elevated TnI levels where coronary artery pathology was excluded.
Troponin I Levels
Among the survivors in group I, peak TnI levels were reached by 24 hours after surgery and were not significantly different to levels in the nonsurvival group II (36 + 34 vs 49 + 38 ng/mL, respectively; P ¼ .98). However, on days 8, 9, and 10, TnI levels were significantly higher in group II (P ¼ .024, .019, and .013, respectively). Additionally in group II, TnI levels formed a plateau between the first and second postoperative day, whereas group I showed a steep decline in TnI levels as a sign of adequate ECMO support and myocardial recovery (P ¼ .03; Figures 2 and 3. All patients (n ¼ 4) who maintained their peak TnI levels at 48 hours after the operation died ( Figure 4) .
The control group of 42 patients from 2010 in whom TnI levels were available shows a peak after arrival on ICU and a steep decline in levels until the first postoperative day (P < .01; Figure 5 ).
Comment
Patient Characteristics
In this study, 52.9% (n ¼ 18) of pediatric postcardiotomy EMCOs were used for neonates, followed by 13 (38.2%) infants, and the remaining 3 patients were between 1 and 2 years old. The predominant procedure in our series was biventricular repair in the context of aortic arch surgery and correction of various intracardiac anomalies (32.4%), followed by the Norwood palliation (20.6%). Considered together, repair of hypoplastic aortic arch led to more than half of the ECMO runs. Our patients correspond well to the Extracorporeal Life Support Organization (ELSO) 15 Registry Report 2008, which included 3,416 neonates as its major age group requiring ECMO support, and revealing the Norwood palliation as its most common procedure. It is unclear from the ELSO registry whether the other most common procedures including the arterial switch had an associated hypoplastic aortic arch.
Outcome
The percentage of patients successfully weaned from ECMO and surviving at least 24 hours beyond decannulation (76.5%), until 30 days after ECMO implantation (67.6%) or to hospital discharge (50%), is comparable with other studies. [2] [3] [4] [5] [6] [7] Previous reports have defined single-ventricle morphology, 2,3,5,16,17 younger age, and ECMO deployed for rapid resuscitation, 2,4,18 as markers for poor outcome. In our study, we could not establish any influence of these parameters on outcome by univariate analysis. Interestingly, aortic arch surgery was more often performed in the nonsurvivor group. We believe that aortic arch hypoplasia is a ''symptom'' of left ventricular hypoplasia requiring treatment with either a Norwood procedure or by extensive surgery for biventricular repair, and why patients are prone to low cardiac output syndrome with the need for mechanical support.
Markers for ECMO Survival
The major goal in this study was to analyze which routine laboratory parameter could serve as a potential marker for ECMO survival. The probability to predict a bridge to recovery or failure thereof, to transplant or to destination therapy often remains unclear, especially in the beginning of extracorporeal life support. Luyt and colleagues 19 determined concentrations of TnI, Nterminal fragment of the B-type natriuretic peptide, midregional fragment of the proatrial natriuretic peptide, proadrenomedullin, and copeptin on days 1, 3, and 7 post-ECMO. Neither the absolute values of those biomarkers at days 1, 3, or 7 nor their kinetics during the first week differed between patients with successful of unsuccessful weaning. Sodian and colleagues 20 analyzed 21 patients with nonischemic cardiomyopathy who received long-term left ventricular assist device (Berlin Heart, Berlin, Germany) support. The plasma B-type natriuretic peptide concentrations decreased significantly after initiation of circulatory support, and the decline was faster in patients who were subsequently successfully weaned, compared with those who were not. The authors concluded that an early decrease in B-type natriuretic peptide plasma concentration may be indicative of ventricular function recovery during mechanical circulatory support. Whether these results are applicable to patients under ECMO support is a matter of future investigation. Unfortunately, B-type natriuretic peptide was not part of our study protocol. Naruke and colleagues 21 observed that an abrupt increase in continuously measured end-tidal CO 2 concentration, as a sign of increasing pulmonary perfusion and beginning right heart recovery, always preceded successful weaning from ECMO and lacked in patients failing to wean. Their ''flexion point'' was defined as an initial increase in end-tidal CO 2 concentration of 5 mm Hg or greater, followed by a continuous rise over the next 12 hours. Lequier and colleagues have demonstrated that the time for serum lactate to normalize on ECMO may be a risk factor for a poor mental score at two years' follow-up. 22 As previously suggested, abnormal pH and serum lactate values reflect either a global hypoperfusion state before deployment of ECMO or problems in oxygen delivery and extraction after deployment of ECMO. 3 The TnI is a specific myocardial ischemia marker with a very short half-life (120 minutes) and is cleared primarily by the kidney. Al Badr and colleagues showed no correlation between peak TnI levels and renal function as measured by creatinine clearance in the entire cohort with acute coronary syndrome, and in the subgroups with ST-segment elevation myocardial infarction and non-ST-segment elevation myocardial infarction. The authors concluded that elevated TnI in the appropriate clinical context in patients with renal insufficiency should be considered as indicative of myocardial ischemia unless proven otherwise. 23 In our study, we showed a certain correlation between the course of TnI levels and outcomes in patients requiring postcardiotomy ECMO. The refinement of intensive care methods leading to ''keeping patients alive'' for a certain period has led to a gap between patients successfully weaned and those discharged from the hospital; therefore, we decided to differentiate between ''real'' survivors and nonsurvivors in our study. In nonsurvivors, levels formed a plateau between the first and the second day, and remained elevated beyond one-week post-ECMO implantation. All patients in whom peak TnI levels persisted for 48 hours did not survive. As illustrated by our control group with a noneventful perioperative course, TnI reaches its peak on the operative day, indicating operative trauma, and shows a significant decrease until the next day. Accordingly, early decreasing TnI levels after complex surgery with postcardiotomy ECMO seem to indicate myocardial recovery with effective hemodynamic support and ventricular unloading. On the other hand, failure of TnI to decrease could be related either to inadequate ECMO support or to ongoing ischemia resulting from major myocardial injury sustained at surgery or a persistent problem with coronary blood flow to the myocardium.
Technical Issues
In the presence of persisting elevated TnI levels, all technical issues regarding suboptimal ECMO support which could interfere with myocardial recovery should be checked and excluded: first, the role of left atrial venting by a second venous cannula needs to be addressed. We have recently changed our ECMO strategy leading to left ventricular preload reduction and improved biventricular unloading by utilizing biatrial cannulation in patients with an intact atrial septum. Second, high ECMO flows may create an elevated afterload, which may compromise left ventricular decompression. Third, in the presence of left ventricular output, insufficient ventilation may lead to cyanotic coronary perfusion despite optimal arterial saturation achieved by the ECMO oxygenator.
Decision Making
In general, cardiac catheterization or computed tomography scan should be considered in patients who cannot be weaned from bypass. If residual hemodynamic lesions or insufficient coronary flow are diagnosed, surgical revision is indicated. We feel, however, that the benefit of invasive diagnostics must be weighed against the risks of transport, patient manipulation, exposure to contrast agents, and possible coronary injury. Moreover, there is theoretically a possibility that an immediate revision may result in further cardiac trauma, rather than waiting for the relief of myocardial stunning and cardiac swelling, which is expected by ECMO unloading. The difficult decisionmaking relies on experience and the surgeon's knowledge of intraoperative events and assessment of the likelihood of finding an important remediable problem. The decision must be reached early, before irreversible myocardial injury has occurred. We suggest that the course of TnI levels may assist in this algorithm.
Study Limitations
A risk-adjusted analysis including all potential variables being associated with ECMO mortality was not part of this study. The methodology chosen does not establish predictive values of troponin levels at 48 hours or of its relationship to levels during the preceding 24 hours. Limitations of the study are inherent to the retrospective nature of data retrieval. Historical influences on outcome related to improvements in ECMO technology, intensive care protocols, and indications for the use of ECMO over the relatively long-study span cannot be excluded. It is difficult to know whether survival on ECMO in those patients with plateau TnI levels at 48 hours could have been improved or influenced by additional diagnostic or interventional cardiac catheterization or by surgical fine-tuning aimed at optimizing hardware issues pertaining to ECMO flows and leading to enhanced ventricular unloading, although the latter were systematically addressed to the best of our knowledge and according to our protocols. Retrospectively, the additional procedures among our six patients with an unsuccessful outcome were performed relatively late.
Conclusions
Aortic arch hypoplasia was the major congenital anomaly among pediatric patients requiring postcardiotomy ECMO support in our cohort. It is important to consider the trend and time course of change in TnI levels rather than relying entirely on absolute values. Decreasing levels of TnI during the first 48 hours after ECMO deployment seem to be indicative of beginning myocardial recovery. In contrast, plateau TnI levels at 48 hours seem to correlate with a higher likelihood of an unfavorable outcome. Patients should undergo diagnostic and/or surgical revision aiming at optimizing myocardial performance, before assuming irreversible myocardial damage has occurred.
